to be an afferent stimulus setting due to the hypo-osmolality of water itself rather than gastric distension. 6 Previous work has demonstrated that sodium paradoxically attenuates the osmopressor response to water as manifested by ingestion of 473 ml normal saline. 7 Thus, this may explain the hypoosmotic stimulus of water acting through osmosensitive structures in portal and splanchnic circulation, linking it to the osmopressor response.
Recent studies of the transient receptor potential cation channel, subfamily V, member 4 (TRPV4) have described specific hepatic sensory afferents that sense blood osmolality changes. 8 The activation of peripheral osmoreceptors is elicited by changes in blood osmolality. 9 This osmosensitive sensory system in the liver mediates the signal of hypo-osmotic stimuli via the dorsal horn ganglia and spinal cord to evoke an osmopressor response. Since the aquaporin 1 (AQP1) protein is colocalized to the plasma membrane of axons and synaptic terminals in the superficial dorsal horn, it presumably can function as a native water channel. 10 This is consistent with our previous study that illustrated that water ingestion upregulates AQP1 tyrosine phosphorylation on RBC membranes, thus associated with the osmopressor response. 11 The upregulation of phospho-AQP1 on RBC membranes may be associated with the functional expression of TRPV4 in dorsal horn neurons during the osmopressor response. This finding suggested the molecular mechanism in RBCs may contribute to signal transduction that plays a critical role in the cardiovascular physiology of the osmopressor response. Gleaned from recent studies, nitric oxide (NO) produced by endothelial NO synthase (eNOS) in RBCs has been shown to depend under stress and to exhibit important biological functions. [12] [13] [14] The phosphorylation of NOS at Ser 1177 is presumably critical to NO production. 15 Vascular NO production confers a cardiovascular protective role, including blood pressure regulation, vascular tone, and inhibition of platelet aggregation and leukocyte adhesion. 16, 17 These data suggested that RBCs may play an active role in regulating the osmopressor response following water ingestion, rather than serving as surrogate markers for assessing the changes of other relevant but less accessible tissues. However, there is no strong evidence implicating such functions of RBC membrane receptors and signaling pathways. Thus, we aimed to examine RBC surface receptors transmitting extracellular signals to intracellular signaling pathways that govern the osmopressor response.
Receptor tyrosine kinases (RTKs) are cell surface receptors that transmit extracellular signals to the cell interior by activating multiple signaling pathways with a myriad of downstream cellular effects. 18 Ligand binding to the extracellular domain of RTKs activates the intrinsic tyrosine kinase activity of the RTK intracellular domain. RTKs may translocate to mitochondria and regulate mitochondrial functions. 19 The molecular physiology of human RTK phosphorylation on RBCs membrane after water ingestion remains unknown. We hypothesized that hypo-osmotic stress following water ingestion may activate RTK proteins on RBC membranes and modulate the eNOS/NO pathway that contributes to the biological mechanisms underlying the osmopressor response. Thus, we aimed to identify the contribution of RTK activation to the physiological response underlying the hypo-osmotic stimulus of water intake. Determining RTK phosphorylation status of RBC membranes may facilitate a greater understanding of the mechanisms underlying the osmopressor response. Furthermore, elucidating signaling functions of RBC membranes may have implications for the future development of targeted vascular therapeutics.
METHODS

Study subjects and protocol
This study was approved by the Institutional Review Board of Tri-Service General Hospital, Taipei, Taiwan (1-101-05-117) and Taipei Veterans General Hospital, Taipei, Taiwan (2014-05-003 ACF and 2015-02-002 AC). It was performed in the Pain Department Laboratory at the National Defense Medical Center and in the Clinical Research Laboratory at Taipei Veterans General Hospital. Informed consent was obtained from each volunteer. Study was performed with 24 healthy young adults who had no history of syncope and who were currently using no prescription or over-the-counter medication.
A randomized crossover design to investigate the ingestion of 50 ml water, 500 ml water, or 500 ml normal saline for 3 consecutive days in a quiet and comfortable room was used in this study. From our previous studies, the 25-minute time point after water ingestion was the maximal hemodynamic effect elicited via the osmopressor response, and the 50-minute time point was determined as the terminal state of the osmopressor response in comparison with the baseline (before ingestion of water). 11 Three time points, −5, 25, and 50 minutes after water or normal saline ingestion were tested.
Instrumentation
Hemodynamic parameters, including heart rate (HR), systolic blood pressure, diastolic blood pressure, stroke volume, cardiac index, and TPR, were measured using the Finometer (Finapres measurement systems, FMS, Arnhem, The Netherlands). 20 One minute average of hemodynamic parameters was collected from the continuous Finometer recording. Skin blood flow was measured using a laser Doppler flowmeter (DRT4 Instrument, Moor Instrument, UK) over the other hand.
Blood collection
Ten milliliters of blood was collected in K 2 ethylenediaminetetraacetic acid (EDTA)-containing tubes (Becton Dickinson, NJ) for plasma and protein extraction, and 3 ml blood was also collected in red collection tubes for serum osmolality by Advanced osmometer model 3900 (Advanced Instruments, Norwood, MA). 11, 21 For each time point, osmolality samples were detected immediately by the Division of Clinical Pathology of Tri-Service General Hospital (a CAP certificated Laboratory No. 6718902), which did quality control daily. RBCs were isolated using Ficoll Paque Plus (GE Healthcare Bio-Sciences AB, Uppsala, Sweden).
RBC protein extraction
RBC membrane protein extraction for AQP1 was previously described in Chu et al. 11 To examine total protein expression, washed RBCs were lysed at 4 °C for 30 minutes in RIPA buffer containing 50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 20 mM sodium fluoride, 1 mM sodium vanadate, and 1X protease and phosphatase inhibitor cocktail. The supernatants were collected by centrifugation at 15,300 rpm for 30 minutes. Protein concentration was measured via a DC protein assay kit (Bio-Rad, CA).
Membrane antibody array
To simultaneously detect the relative level of tyrosine phosphorylation of human RTKs, a commercial antibodybased protein membrane array designed to detect 71 RTKs phosphorylation on RBC membranes was used (RayBio Human RTK Phosphorylation Antibody Array, RayBiotech). Baseline membranes were prepared from blood samples collected at 5 minutes before water or normal saline ingestion. The other groups of membranes were from blood samples collected at 25 and 50 minutes after ingestion of 50 ml water, 500 ml water, or 500 ml normal saline ingestion. Experiment procedures were performed according to the manufacturer's instructions. Briefly, membranes were blocked with blocking buffer for 1 hour and then incubated with 1.5 ml of RBC membrane lysate overnight at 4 °C after normalization with equal amounts of protein. Then, the diluted biotin-conjugated antibodies were added for 2 hours at room temperature with 1.2 ml per array membrane. Membranes were washed and incubated for 2 hours with 1.5 ml of 1X HRP-conjugated streptavidin to each membrane. After membranes were washed, reactions were detected via enhanced chemiluminescence and were captured by the UVP system (UVP, CA). Signal was semi-quantitatively analyzed using the TotalLab software (TotalLab, Newcastle Upon Tyne, UK).
Enzyme-linked immunosorbent assay
For detecting the expression level of angiopoietin-1 in plasma, an ELISA kit (R&D, MN) was used and carried out according to the manufacturer's instructions.
Phosphorylation assay of Tie-2 receptor, Akt, and eNOS
Specific antibodies for detecting total and phosphorylated proteins were anti-Tie-2 receptor/anti-phospho-Tie-2 receptor (Tyr 992 ) (Millipore, Billerica, MA), anti-Akt/antiphospho-Akt (Ser 473 ), and anti-eNOS/anti-phospho-eNOS (Ser 1177 ) (Cell Signaling Technology, MA). Immunoblots were visualized using the enhanced chemiluminescence system (Millipore). The intensity of each band was analyzed using ImageJ (National Institutes of Health).
In vitro treatment of recombinant angiopoietin-1 and Tie-2 receptor proteins
To assess the effect of angiopoietin-1 on RBCs, blood samples were incubated at 37 °C, with shaking, with recombinant angiopoietin-1 protein (1500 pg/ml) (R&D) as well as with or without recombinant Tie-2 receptor protein (50 µM) (R&D) for 15 minutes at different osmolalities.
Statistical analysis
A sample size of 24 was estimated to have 95% power to detect an effect size of 0.8 by the paired t test with a 2-sided significance level of 0.05. 22 The hemodynamic data were further classified into 9 within-subject subgroups based on the intake of solutions (50 ml water, 500 ml water, and 500 ml normal saline) and time frames (baseline at −5, 25, and 50 minutes). Repeated-measures analysis of variance were used to determine the statistical difference in hemodynamic variables among the 3 groups and was also used to assess changes of the Tie-2 receptor, Akt, and eNOS phosphorylation from baseline and 25 or 50 minutes after ingestion for all study groups. Two-tailed dependent Student's t test was used when comparing 2 groups at the same time point for western blotting data. A P-value less than 0.05 was considered statistically significant. All statistical analysis was conducted using SPSS Version 18.0 (SPSS, Chicago, IL), and graphs were generated using GraphPad Prism 5.0 (GraphPad, CA).
RESULTS
Hemodynamic variables
Demographic data and basal hemodynamic variables for all 24 subjects are shown in Supplementary Table 1. The hemodynamic effects by water ingestion were consistent with our previous studies. 11, 23 Compared with baseline values, HR significantly decreased in the 500-ml water group at 25 minutes after ingestion (P = 0.001). However, this difference was not observed in the 50-ml water or 500-ml normal saline group. Post-hoc pairwise comparisons with Bonferroni's correction revealed no significant differences in HR at 25 or 50 minutes compared with baseline values regardless of the solution ingested. The cardiac index and TPR were significantly affected in the 500-ml water group 25 minutes after ingestion. No significant changes in hemodynamic variables were observed in the 50-ml water and 500-ml normal saline groups at both 25 and 50 minutes after ingestion (Table 1) .
Serum osmolality
Serum osmolality significantly decreased from baseline values in the 500-ml water ingestion group. No significant difference in baseline serum osmolality was observed between the 3 groups. Furthermore, 500 ml water ingestion lowered serum osmolality from 284.5 ± 0.98 mOsm/kg at baseline to 280.9 ± 1.11 mOsm/kg at 25 minutes and 282.4 ± 1.04 mOsm/kg at 50 minutes after water ingestion. In the 50-ml water group, no significant difference in serum osmolality from baseline values was observed after 25 minutes (282.6 ± 1.01 mOsm/kg) and 50 minutes (283.4 ± 1.03 mOsm/kg) ingestion. Similarly, serum osmolality did not change from baseline values at 25 minutes (285.5 ± 0.95 mOsm/kg) and 50 minutes (286.0 ± 1.07 mOsm/kg) after ingestion of 500 ml normal saline. Via repeated-measures analysis of variance, the 500-ml water group was significantly different compared to the 50-ml water and 500-ml normal saline groups, but no significant differences were observed between the 50-ml water and 500-ml normal saline groups (Figure 1 ).
AQP1 tyrosine phosphorylation
Phospho-AQP1 increased in the 500-ml water group at both 25 and 50 minutes after ingestion. No significant difference in phospho-AQP1, measured semi-quantitatively, was observed in the 500-ml normal saline or 50-ml water group. Raj et al. showed that the effect of sodium ingestion attenuated the osmopressor response to water. 7 Here, the 50-ml water and 500-ml normal saline groups acted as control groups for comparison with the 500-ml water group (Supplementary Figure 1) .
RTK phosphorylation
Because hypo-osmolality was found to induce hemodynamic variables, decrease serum osmolality, and increase phospho-AQP1, we next determined membrane protein receptors' activation on RBCs in response to hypo-osmotic stimuli via a RayBio Human RTK array membrane kit. RTK phosphorylation blots after water or normal saline ingestion compared with baseline values were shown in Supplementary  Figure 2 , and semi-quantitative fold changes with comprehensive maps were presented in Table 2 and Supplementary  Tables 2 and 3 . RTKs displaying significantly upregulated activation more than 3-fold change were selected. Two RTKs, Tie-2 receptor kinase (4.10 ± 0.78-fold, P = 0.048), and Tie-1 receptor (3.77 ± 0.47-fold, P = 0.042) were elevated in the 500-ml water ingestion group after 25 minutes compared with baseline values. No significant changes in RTK phosphorylation were observed in the 50-ml water and 500-ml normal saline groups at 25 minutes after ingestion compared with baseline values. These results suggested that osmopressor induced Tie receptor activation, which involves Figure 1 . Change in serum osmolality. Serum osmolality was measured in the same volunteer (for a total of 24 volunteers) following ingestion of 50 or 500 ml water or 500 ml normal saline at baseline, 25, and 50 minutes. Serum osmolality significantly decreased at 25 minutes after ingesting 500 ml water. Data are presented as means ± SEM. Significant differences among the 3 groups were evaluated using repeated-measures ANOVA; n = 24, *P < 0.05. Abbreviations: ANOVA, analysis of variance. Table 1 . Hemodynamic variables at baseline, 25 minutes, and 50 minutes after ingestion of 50 ml water, 500 ml water, or 500 ml normal saline in 24 healthy volunteers 
Determination of plasma angiopoietin-1 levels
Plasma angiopoietin-1 levels were then assayed and showed significant increase after 500 ml water ingestion compared with baseline values (955.3 ± 304.1 pg/ml) both at 25 minutes (1260.2 ± 412.7 pg/ml; P = 0.0023) and 50 minutes (1479.4 ± 497.7 pg/ml; P = 0.0284) (Figure 2A) . However, no significant differences in angiopoietin-1 levels were observed in the 50-ml water and 500-ml normal saline groups compared with baseline values.
In vivo activation of the Tie-2 receptor, Akt, and eNOS in RBCs upon the osmopressor response
Activation of the Tie-2 receptor with downstream signaling molecules Akt and eNOS was examined via immunoblotting ( Figure 2B ). Tie-2 receptor phosphorylation (Tyr 992 ) was significantly increased (1.50 ± 0.19-fold, P = 0.046) at 25 minutes in the 500-ml water group. Both Akt phosphorylation (Ser 473 ) and eNOS phosphorylation (Ser 1177 ) was also significantly increased (1.81 ± 0.20-fold, P = 0.007 and 1.25 ± 0.08-fold, P = 0.01, respectively) 25 minutes after ingestion in the 500-ml water group. Among groups comparison, only eNOS phosphorylation significantly increased (1.49 ± 0.10-fold, P = 0.002) at 50 minutes in the 500-ml water group. No significant change was seen in the 50-ml water and 500-ml normal saline groups.
An in vitro model of the hypo-osmolality environment
To test activation of the Tie-2 receptor/Akt/eNOS pathway in response to ligand binding by angiopoietin-1, we designed an in vitro model of the hypo-osmolality environment. Blood was collected from participants in EDTAcontaining tubes before water ingestion and incubated under different conditions at 37 °C. Adding 400 µl of 0.8% saline or 0.9% normal saline into equal volumes of blood was used to mimic hypo-osmolality and normal-osmolality environments, respectively. In vitro osmolality at 5, 15, and 25 minutes was first clarified. Significant decrease from 285.25 ± 1.50 mOsm/Kg at control to 281.50 ± 1.91 mOsm/Kg at 5 minutes, 280.5 ± 1.73 mOsm/Kg (P = 0.006) at 15 minutes, and 280.75 ± 1.50 mOsm/Kg at 25 minutes was observed after adding 0.8% saline. The in vitro value at 15 minutes reached to 280.9 ± 1.11 mOsm/Kg (same as the in vivo value at 25 minutes after ingestion of 500 ml water), and was maintained at 25 minutes ( Figure 3A ). No significant difference in osmolality was observed following the addition of 0.9% normal saline for 5, 15, and 25 min. Next, phospho-AQP1 was examined and showed slight increase at 5 minutes and reached to a significant plateau level at 15 minutes after adding 0.8% saline. No significant difference in phospho-AQP1 was observed following the addition of 0.9% normal saline for 5, 15, and 25 minutes ( Figure 3B ). The in vitro 15 minutes time point was selected to examine the effect of recombinant angiopoietin-1 on RBCs.
Angiopoietin-1 stimulates Tie-2 receptor, Akt, and eNOS activation in vitro
The status of Tie-2 receptor/Akt/eNOS activation was examined at the following conditions: control group, addition of 0.8% saline, recombinant Tie-2 protein (50 µM), recombinant angiopoietin-1 protein (1500 pg/ml), a combination of 0.8% saline and recombinant angiopoietin-1 protein, and a combination of 0.8% saline, recombinant Tie-2 protein, and recombinant angiopoietin-1 protein (Figure 4) . Addition of 0.8% saline or recombinant Tie-2 protein showed no significant change in Tie-2 receptor/Akt/eNOS activation. Compared with the control group, addition of angiopoietin-1 demonstrated a significant increase of Tie-2 receptor (1.65 ± 0.30-fold)/Akt (1.24 ± 0.14-fold)/eNOS (1.30 ± 0.12-fold) activation. Combination of 0.8% saline and angiopoietin-1 also demonstrated significant increase of Tie-2 receptor (1.72 ± 0.35-fold)/Akt (1.30 ± 0.13-fold)/eNOS (1.40 ± 0.15-fold) activation. However, combination formula of 0.8% saline, Tie-2, and angiopoietin-1 applied to RBCs showed no significant change in Tie-2 receptor/Akt/eNOS activation.
DISCUSSION
To our knowledge, this is the first study to demonstrate that water ingestion increases plasma angiopoietin-1 levels and stimulates the activation of the Tie-2 receptor/Akt/ eNOS pathway in RBCs during the osmopressor response in healthy persons. The hypo-osmotic stress on RBC membranes is an important biological phenomenon underlying the autonomic physiology of the osmopressor response.
Consistent with previous studies, we demonstrated that 500 ml water ingestion produces a maximal rise in TPR and an apparent decrease in skin blood flow without a prominent change in blood pressure, whereas normal saline ingestion did not significantly induce the osmopressor response. The elicitation of the osmopressor response by the hypo-osmotic stimulus remains controversial. 5, 7, 11, 21 Significant differences among the 3 groups were evaluated using repeated-measures ANOVA and compared with baseline values using the paired t-test; n = 24 for angiopoietin-1 panel and n = 12 for Tie-2, Akt, and eNOS panels, *P < 0.05. Abbreviations: ANOVA, analysis of variance.
Several potential mechanisms underlying the effect of the hypo-osmotic stimulus have been proposed, including duodenal stretch, vasoactive hormones, osmotic factors, and change in plasma volume after water ingestion. Lechner et al. 9 identified the transient receptor potential channel member TRPV4 as a specific hepatic sensory afferent in mice capable of detecting osmolality change in hepatic circulation. Pure water has a distinctly lower osmolality than normal saline.
In our present study, a relatively slight decrease in blood osmolality (5 mOsm/kg) at 25 minutes in systemic circulation after 500 ml water ingestion may be linked to a greater reduction of blood osmolality in portal circulation immediately after initial water ingestion. Thus, a limitation in our present study is the ability to detect blood osmolality in portal circulation rather than systemic circulation. Indeed, the serum osmolality significantly differed after 500 ml water ingestion. Smaller volumes of water ingestion may not induce changes in serum osmolality, which would be similar to the response elicited upon ingestion of 500 ml normal saline. In RBCs, increased phospho-AQP1 upon 500 ml water ingestion was associated with the osmopressor response. Herein, our in vivo and in vitro results confirmed AQP1 tyrosine phosphorylation in response to hypo-osmotic stress. Our in vitro model experiment may have clarified the ingestion of water on phospho-AQP1 abundance of RBC membranes as a major mechanism of the hypo-osmotic nature of water.
The recent development of antibody microarrays for multiple protein functional assay has allowed us to holistically evaluate changes in RBCs after water or saline ingestion when compared with the baseline condition. RTKs on cell membranes have been recognized in regulating several key cellular processes, including proliferation, migration, and angiogenesis. Generally, RTKs activate more than one downstream signaling pathway and also translocate signaling from the cell surface to the nucleus to modulate gene transcription. The results of our membrane antibody array analysis demonstrated that the Tie-2 and Tie-1 receptors were the most significantly increased with regards to tyrosine phosphorylation in response to hypo-osmotic stress.
Tie receptors (Tie-1 and Tie-2) are recognized as orphan receptors of the angiopoietin family. 25 Angiopoietin-1 and angiopoietin-2 have been identified as agonistic and antagonistic Tie-2 ligands, respectively. Upon the binding of angiopoietin-1, the Tie-2 receptor is auto-phosphorylated at a tyrosine residue near its carboxyl terminus. Angiopoietin-1 is mainly secreted by endothelial cells and acts in an autocrine/paracrine manner for vascular regulation. 26, 27 Herein, plasma angiopoietin-1 levels increased at 25 minutes after 500 ml water ingestion but not upon 500 ml normal saline and 50 ml water ingestion. Plasma angiopoietin-1 levels apparently continuously increase in response to hypoosmotic stress. We therefore propose the angiopoietin-1/ Tie-2 receptor coupling with Tie-2 receptor activation on RBC membranes.
Tie-2 receptor phosphorylation by angiopoietin-1 has been shown to activate the downstream Akt phosphorylation at Ser 473 and eNOS at Ser 1177 in endothelial cells. Akt has an important role in cell survival and migration. 27, 28 Akt may phosphorylate eNOS in response to exercise and shear stress in human RBCs. 12, 14, 29 Functional eNOS localized in the cytoplasm of RBCs may involve NO regulation to exert cardioprotective activity. We demonstrated an association between sequential hemodynamic change and activation of the Tie-2/Akt/eNOS pathway in RBCs following water drinking. Upon 25 minutes following 500 ml water ingestion, we observed increased blood pressure, increased TPR, and decreased HR. In addition, there was a decrease in serum osmolality, accompanied by an increase in serum Semi-quantitative analysis indicating significant increase of AQP1 tyrosine phosphorylation on RBC membranes after 0.8% saline treatment for 15 minutes. Data are presented as means ± SD. Significant differences from panel a were compared with control using a Student's t test; significant difference from panel b was compared with the 3 groups at same time point using Student's t test; n = 6, *P < 0.05.
angiopoietin-1 levels and peak phosphorylation of Tie-2/Akt in RBCs. By treating human RBCs with recombinant angiopoietin-1 protein and 0.8% saline, we further confirmed that increased angiopoietin-1, rather than decreased osmolality, stimulated the Tie-2/Akt/eNOS phosphorylation in RBCs. These data suggested that the osmopressor response following water ingestion activates Tie-2/Akt phosphorylation in RBCs via increased serum angiopoietin-1 levels. Previous studies have shown that plasma norepinephrine, a biochemical marker for sympathetic nerve activity, significantly increased after water ingestion. 7 Activation of the sympathetic nerve system by other methods, such as cold pressor test or noxious skin stimuli, may be applied to further investigate whether this system is involved in the genesis of the osmopressor response and subsequently activation of the RBC Tie-2/Akt/eNOS signaling pathway. At 50 minutes following 500 ml of water ingestion, the increased blood pressure reached a plateau, and the decreased HR returned close to baseline. Notably, the TPR was significantly reduced, and eNOS phosphorylation reached a maximum at the 50-minute time point as compared to the 25-minute time point. NO produced by eNOS is a well-established vasodilator, 15 and the inverse relationship between TPR and eNOS phosphorylation suggested that activation of eNOS/NO may serve as a compensatory mechanism to reduce vascular resistance and blood pressure following water ingestion. Treatment of animal models with eNOS inhibitors could be used to confirm the essential role of eNOS/NO in the termination of the osmopressor response.
In this study, the production of NO in plasma could be detected via nitrite and nitrate levels. The expression levels of nitrate/nitrite in plasma increased significantly at 25 and 50 minutes after ingestion of 500 ml water (Supplementary Figure 3) . In humans, the detailed role and regulation of NO in the osmopressor response in RBCs needs to be further elucidated.
In conclusion, the molecular basis of the water-induced osmopressor response in RBCs involves increased angiopoietin-1 levels in plasma and Tie-2/Akt/eNOS signaling pathway activation, paralleled with AQP1 phosphorylation. Angiopoietin-1 may represent a novel target in the Tie-2/Akt/ eNOS signaling pathway with NO regulation involved in the osmopressor response and warrants further investigation.
SUPPLEMENTARY MATERIAL
Supplementary data are available at American Journal of Hypertension online. 
DISCLOSURE
The authors declared no conflict of interest.
